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Nanosizing effects of materials on biological organisms was investigated by biochemical cell
functional tests, cell proliferation and animal implantation testing. The increase in specific
surface area causes the enhancement of ionic dissolution and serious toxicity for soluble,
stimulative materials. This effect originates solely from materials and enhances the same
functions as those in a macroscopic size as a catalyst. There are other effects that become
prominent, especially for non-soluble, biocompatible materials such as Ti. Particle size
dependence showed the critical size for the transition of behaviour is at approximately
100 mm, 10 mm and 200 nm. This effect has its origin in the biological interaction process
between both particles and cells/tissue. Expression of superoxide anions, cytokines tumour
necrosis factor-a and interleukin-1b from neutrophils was increased with the decrease in
particle size and especially pronounced below 10 mm, inducing phagocytosis to cells and
inflammation of tissue, although inductively coupled plasma chemical analysis showed no
dissolution from Ti particles. Below 200 nm, stimulus decreases, then particles invade into
the internal body through the respiratory or digestive systems and diffuse inside the body.
Although macroscopic hydroxyapatite, which exhibits excellent osteoconductivity, is not
replaced with natural bone, nanoapatite composites induce both phagocytosis of composites
by osteoclasts and new bone formation by osteoblasts when implanted in bone defects. The
progress of this bioreaction results in the conversion of functions to bone substitution.
Although macroscopic graphite is non-cell adhesive, carbon nanotubes (CNTs) are cell
adhesive. The adsorption of proteins and nano-meshwork structure contribute to the
excellent cell adhesion and growth on CNTs. Non-actuation of the immune system except for
a few innate immunity processes gives the non-specific nature to the particle bioreaction and
restricts reaction to the size-sensitive phagocytosis. Materials larger than cell size,
approximately 10 mm, behave inertly, but those smaller become biointeractive and induce
the intrinsic functions of living organisms. This bioreaction process causes the conversion of
functions such as from biocompatibility to stimulus in Ti-abraded particles, from non-bone
substitutional to bone substitutional in nanoapatite and from non-cell adhesive to cell
adhesive CNTs. The insensitive nature permits nanoparticles that are less than 200 nm to
slip through body defence systems and invade directly into the internal body.
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1. INTRODUCTION

1.1. Nanotechnology and biological organisms

The development of nanotechnology has a large influ-
ence on human life. Completion of genome analysis has
brought the post-genome era, enabling applications for
biological and medical purposes. The reactions of
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biological organisms to proteins and saccharides includ-
ing viruses, bacteria, enzymes and pharmacological
agents have been investigated in biology and medicine.
For materials, the reaction to the usual cases, i.e. at the
macroscopic size, is well investigated.

However, the effect of micro/nanosizing of materials
onto biological organisms remains unclear. Nanosizing
of materials brings in a quantum effect at less than
approximately 1.5 nm and the formation of activity
sites such are seen in some catalysts (figure 1). The
most unambiguous and influential effect is the surface
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Figure 1. Correlation of the nanosizing effect with bioreactiv-
ity in relational map of nanotechnology with physics and
biology. a, Specific surface area effect originated solely from
material properties; b, physical size effect arising through
particle–cell/tissue interaction.
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area effect. It is well known that the specific surface
area, which is defined as surface area for unit volume,
is increased reciprocally with a decrease in particle
size and chemical reactivity is pronounced. Therefore,
high throughput is expected in the functions and
performances of material properties and devices.
1.2. Specific surface area effect

One of the most important factors that affects the
biocompatibility of materials is ionic dissolution, which
is closely related to the specific surface area. This is also
true for micro- and nanosizes, and very often becomes
apparent as stimulus and toxicity. The nanosizing effect
that affects biocompatibility is usually interpreted from
this aspect.
1.3. Physical size and shape effect

On the other hand, corrosion-resistant and biocompa-
tible Ti (Matsuno et al. 2001) causes inflammation,
leading to osteolysis for the abraded fine particles
(Tamura, Y. et al. 2002a,b; Uo et al. 2005b, 2007; Zhu &
Watari 2007) which are produced from an artificial
joint. Asbestos (Watari et al. 2006), a kind of clay
mineral, induces mesothelioma after long-term,
exposure to large quantities. These phenomena cannot
be explained by the specific surface area effect and
understood to be a different effect, i.e. physical size and
shape effect, apart from the material properties of either
toxicity or biocompatibility.
1.4. Nanoapatite

Meanwhile, hydroxyapatite (HAP), the main compo-
nent of bone, shows different behaviour in synthetic
apatite and bone. Synthetic HAP of a macroscopic
size exhibits excellent osteoconductivity. However, it is
not substituted for natural bone and remains perma-
nently in the body. Therefore, it is used as an implant
(Watari et al. 1997, 2004; Li et al. 2008b; Matsuo et al.
2001). Natural bone is composed of collagen and
nanocrystallites of apatite of approximately 50 nm
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(Watari et al. 2001, 2005). Bone is continuously
remodelled by resorption and new bone formation.
Thus, there exist apatites with different behaviour,
non-resorbable and resorbable apatite (Watari et al.
2007b). It is necessary to know the effect of nanosizing
on this change of biofunctions using nanoapatite
composites (Liao et al. 2005, 2007a–c; Gelinsky et al.
2007; Li et al. 2008a).
1.5. Carbon nanotubes

As another typical subject of nanomaterials, much
attention has been paid to carbon nanotubes (CNTs) up
to now owing to their unique structure (Asakura et al.
2005; Ushiro et al. 2006) and properties. The develop-
ment of applications in the electronic and chemical
fields such as field emission electron gun and hydrogen
storage materials has been intensive. Recently, the
derivatives of CNTs with different structures
and compositions have also been discovered and
synthesized (Sato et al. 2005a). Nanomaterials (Watari
et al. 2007a,b, 2008b) and nanocomposites (Liao et al.
2007d ) may have various effects on living organisms.
There are arguments that CNTs may have serious
toxicity due to their acicular or fibrous particle shape,
associated with lung carcinogenicity of asbestos
(Takagi et al. 2008). As an element, carbon (C) is
bioinert. Graphite is used as an artificial heart valve
due to its antithrombogenicity for biomedical appli-
cation. There have not been many studies of CNTs and
their biological effects (Kiura et al. 2005; Sato et al.
2005a,b; Yokoyama et al. 2005a) and biomedical
applications (Fugetsu et al. 2004a,b; Akasaka &Watari
2005, 2008, 2009; Akasaka et al. 2005, in press a,b;
Rosca et al. 2005; Uo et al. 2005a; Wang et al. 2005,
2007; Li et al. 2008b,c). From the viewpoints of
both nanotechnology application and risk assessment
of nanotoxicology, it is necessary to study the
effect of nanosizing carbon by comparing isomorphs of
macroscopic graphite and nanocrystalline CNTs.
1.6. Nanoparticle internal diffusion and drug
delivery systems

Particles less than 10 mm can pass through the
bronchial, and even smaller nanosize particles may
reach the alveoli of lung. Then there is the possibility
that the uptake of nanoparticles occurs through the
respiratory system and the digestive system. Mean-
while drug delivery systems (DDS) are one of the
most typical biomedical applications of nanoparticles
being developed (Rosca et al. 2004). DDS is expected
for the selective administration of anti-cancer agent
and gene transfection to the desired organs. It is
necessary to investigate the behaviour of nanoparti-
cles in the internal body for the assessment of
nanotoxicology and also essential to comprehend the
diffusion paths of the DDS (Moller et al. 2008) to
reach the diseased target (Chan et al. 2002; Moller
et al. 2007; Smith et al. 2008). In this sense, internal
diffusion is significant for both the demerit and merit
aspects of nanotechnology.
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1.7. Purpose

Thus, nanosizing effect is involved with plural
processes and sometimes causes different behaviour
from macroscopic size to biocompatible materials.
This strongly suggests the necessity to reveal the
micro/nanosizing effect of materials on the living
organism. The present paper discusses the bioreaction
of nanoparticles based on reviewing authors’ past and
additional data, where both biochemical cell
functional tests and animal implantation tests investi-
gated the micro/nanosizing effect and the dependence
particle size on the reaction of cells and tissues. The
behaviour of invading nanoparticles and internal
diffusion inside the body was visualized using X-ray
scanning analytical microscope (XSAM; Uo et al.
1999, 2001a,b, 2006) for the level of the whole body and
organs (Watari et al. 2007c,d, 2008a). Then, the
nanosizing effect on tissue regeneration and cell
proliferation in apatite and CNTs was investigated, and
the mechanism of the conversion of functions from those
in macroscopic scale was discussed.
2. MATERIAL AND METHODS

2.1. Specimens

Various sizes of particles were used as specimens for
99.9 per cent pure Ti, Fe, Ni, TiO2 and CNTs. For Ti
and Fe, particles of nominal size from 500 nm to 150 mm
were used. To reduce the size distribution as small as
possible and equalize the experimental conditions
among the materials of metallic Ti, Fe and Ni, the
particles of 500 nm, 3 and 10 mm were extracted by
sedimentation and those less than 300 nm were
extracted by ultrafiltration from the particle group
with the size distribution (Tamura, K. et al. 2002).
2.2. Dissolution test of Ti, Fe and Ni particles

After Ti, Fe and Ni particles were immersed in Hanks
balanced salt solution (HBSS) at 378C for one month,
the supernatant was filtered through a 0.45 mm
membrane to remove particles and then elemental
analysis was done by inductively coupled plasma-
atomic emission spectrometry (ICP-AES) using
ICPS-8100, Shimazu, Tokyo, Japan.
2.3. Biochemical analyses of cellular
reaction to materials

Particles smaller (500 nm and 3 mm) and larger (10, 50
and 150 mm) than neutrophils were used to determine
the relationship between cells and particle size with
respect to cytotoxicity.

Human neutrophils, which play a central role in the
initial stage of inflammation against foreign bodies,
were used as probe cells. Neutrophils were separated
from human peripheral blood from healthy volunteers
with 6 per cent isotonic sodium chloride containing the
hydroxyethyl starch and lymphocyte isolation solution
(Ficoll-Hypaque, Amersham Pharmacia Biotech AB,
Sweden). After the particles were mixed with HBSS
kept at 378C and neutrophils were added, they were
J. R. Soc. Interface (2009)
used for various cell toxicity tests. The human acute
monocytic leukaemia cell line, THP-1 cell, was also
used for additional experiments.

Cell survival rate, lactate dehydrogenase (LDH)
values and superoxide anion (O2K) production per 106

neutrophils were measured. Cytokines of tumor necro-
sis factor-a (TNF-a) and interleukin-1b (IL-1b) were
measured using ELISA kits (Endogen, Inc. USA).
Morphological change of neutrophils mixed with
HBSS containing various particles was observed by
optical microscopy (OM: Zeiss, Axioskop, Germany)
and scanning electron microscopy (SEM: Hitachi
S-4300, Tokyo, Japan) (Kumazawa et al. 2002;
Tamura, K. et al. 2002).
2.4. Animal implantation experiments

Particles were inserted into the subcutaneous connec-
tive tissue in the abdominal region of Wistar rats
aged between 11 and 12 weeks (weight 350–380 gf ).
Specimens were prepared through the usual process
of fixation, embedding, sectioning, staining with
haematoxylin–eosin and histopathological observation
was performed.
2.5. Visualization of internal distribution
of nanoparticles

The compulsory exposure test to the respiratory system
was performed on rats using the TiO2 particles of a
nominal size 30 nm. The uptake of nanoparticles
through the digestive system was also tested in mice
by mixing agar gelatin containing 30 nm TiO2 particles
with their foods. To inspect internal diffusion more
simply, the experiments were done for mice by injecting
nanoparticles directly into the cardiovascular system to
the caudal vein. The observation of the internal
distribution of nanoparticles was conducted for the
whole body and each organ by elemental mapping in air
using XSAM (Horiba XGT-2000V, Tokyo, Japan)
without the pre-treatments of fixation, dehydration
and staining after sectioning. The distribution inside
the organ was also inspected by elemental mapping
using energy dispersive X-ray spectroscopy (EDS)
installed to SEM. The experiments were also carried
out for the particles Ti, Fe, Ni, Pt, TiO2, TiC, Fe3O4,
Fe2O3 and CNTs. Chemical analysis was done by ICP-
AES for organs and compared with the results of XSAM
mapping (Watari et al. 2007c,d, 2008a).
2.6. Biomimetic nanoapatite/collagen
composite

HAP–collagen composites synthesized biomimetically
on collagen type I were implanted into the subcu-
taneous tissue and bone defects in the femur of rats for
1–12 weeks and observed histopathologically
(Yokoyama et al. 2005b).
2.7. CNTs

CNTs were used including single-wall CNTs
(SWCNTs) of 0.9–1.5 nm in diameter and 2–3 mm in
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Figure 2. Histological image of rat soft tissue inserted with (a) Ni and (b) Ti implants of macroscopic size (1 mm f!10 mm) after
one week (Watari et al. 2007b).
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Figure 3. SEM images of human neutrophils exposed to the 500 nm particles of (a) Ni and (b) Ti (Watari et al. 2007b).
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length synthesized by arc discharge method with a
purity of 90 per cent (Meijo Nano Carbon Co., Ltd),
multi-wall CNTs (MWCNT) of 5–20 nm in diameter
and 20–40 mm in length synthesized by the chemical
vapour deposition technique with a purity of 98 per cent
(NanoLab, Inc., MA, USA) and carbon nanofibres for
part of the experiments. In some cases, CNTs were
purified by the removal of metal particle catalysts of Ni
and Fe using acid agents such as hydrochloric acid and
amorphous carbon by heating in air. By these treat-
ments, CNTs gained some hydrophilicity. CNTs were
dispersed in the deionized water by sonication for
3 min. Various nanotube (NT) scaffolds were made by
vacuum filtration of the dispersed NT slurry onto
porous polycarbonate (PC) membranes.
2.8. Cell culture

Human osteoblast-like cells (Saos2) were used for cell
culture. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; SIGMA) with 10 per cent
foetal bovine serum (FBS; Biowest) by the usual
process. The morphology of cells was observed by
OM, confocal laser scanning microscopy and SEM. The
number of cells was counted from the SEMmicrographs
of those attached to each scaffold, since the detachment
of cells from scaffold by trypsin could not be applied for
CNT scaffolds. The adsorbed amount of proteins on
each scaffold was measured using bicinchoninic acid
protein assay reagent after immersion in the cell culture
medium for 24 hours. Alkaline phosphatase (ALP)
activity was measured with LabAssay ALP (Wako,
Japan) for the cells cultured on each scaffold (Aoki
et al. 2005, 2006, 2007a,b).
J. R. Soc. Interface (2009)
2.9. Observation and characterization

Morphology of particles and cells was observed by SEM,
and elemental analysis by EDS was also carried out.
The high resolution observation of CNT was done with
themulti-beamhigh-voltage electronmicroscope (JEM-
ARM-1300, JEOL, Japan) of the Center for Advanced
Research of Energy Conversion Materials, Hokkaido
University, at an accelerating voltage of 1250 kV.

Animal experiments were performed in accordance
with the Guide for the Care and Use of Laboratory
Animals, Hokkaido University Graduate School of
Dental Medicine. During the course of this study, no
rats were lost.
3. RESULTS

3.1. Soluble and non-soluble materials:
reaction from macro to micro/nano

Figure 2 shows the comparison of tissue reaction to the
macroscopic size (1 mm f!10 mm) of Ni (figure 2a)
and Ti (figure 2b) after one week implantation in the
dorsal thoracic region of rat. The implant had been
situated in the upper space of each photograph. In
Ni, the expansion of capillary vessels was observed.
Tissue in the photograph was showed necrosis and
degeneration in the distant region. For Ti, a fibrous
connective tissue had already formed surrounding
implants from the earlier stage, which is a feature of
biocompatible materials.

Figure 3 shows the SEM image of human neutrophils
exposed to the 500 nm particles of Ni (figure 3a) and Ti
(figure 3b) in HBSS. The morphology of neutrophils
exposed to Ni particles was often transformed or
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Figure 4. Histopathological observation of tissue reaction to
the short-term implantation of the (a) 500 nm Ni and (b) 3 mm
Ti particles. The enlargement of one cell is shown on the right.
(a) Necrosis and (b) inflammation occurred, respectively.

(a)

(b) 30 weeks

200 µm

Figure 5. Tissue reaction for the long-term implantation to
the (a) 500 nm Ni and (b) 3 mm Ti particles. Tumour was
induced after 1 year implantation of the 500 nm Ni particles
(Watari et al. 2007b).
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Figure 6. Dependence of superoxide production from
neutrophils on Ti particle size (Tamura, K. et al. 2002).
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Figure 7. Dependence of IL-1b production from neutrophils on
Ti particle size (Tamura, K. et al. 2002).
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destroyed due to its toxicity (figure 2a). For Ti
(figure 2b), a neutrophil is extending its pseudopod
and going to phagocytize a 500 nm Ti particle. For the
particles larger than approximately 10 mm, phagocy-
tosis was not observed.

Figure 4 shows the comparison of histopathological
observation of tissue reaction to the short-term (5 days)
implantation in the subcutaneous tissue of the rat for
500 nm Ni and 3 mm Ti particles. The enlargement of a
single cell is shown on the right side. For Ni particles
necrosis occurred, while Ti particles were phagocytized
by macrophages and other giant cells.

Figure 5 showed the tissue reaction to the long-term
implantation of the 500 nm Ni and 3 mm Ti particles.
Figure 5a is a tumour induced after a 1-year implantation
J. R. Soc. Interface (2009)
of Ni particles in the subcutaneous tissue of a rat. Ni is
already toxic in macroscopic size as seen in figure 2.
When fine particles, toxicity is enhanced remarkably.
Figure 5b shows 3 mm Ti particles after 30 weeks.
Particles had been dispersed more widely in tissue just
after implantation. In the long term, they became
gradually agglomerated by the biological processes of
repeated cycles of phagocytosis and cell death.
3.2. Particle size dependence on cell/tissue
reaction and function

Figures 6 and 7 show the released amount of superoxide
and IL-1b from human neutrophils in HBSS mixed with
the various sizes of Ti particles. IL-1b is one of the most
representative cytokines of inflammation. HBSS was
the control. Both superoxide and IL-1b were increased
with the decrease in particle size. The increase was
especially pronounced for 3 mm and 500 nm. The release
of LDH showed similar behaviour, while cell survival
rate showed the inverse decreasing tendency.

Figure 8 shows the dissolution from 3 and 10 mm
particles of Ti (figure 8a), Fe (figure 8b) and
Ni (figure 8c) analysed by ICP-AES. Under the
conditions of figures 6 and 7, ICP elemental analysis
indicated that the dissolution from Ti particles was
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Figure 10. Tissue reaction of rat to (a) 3 mm and (b) 10 mm Ti
particles after 5 day implantation (Watari et al. 2007a).
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negligible below detection limit. This suggests that the
pronounced phenomena of biochemical cell reaction
seen below 10 mm in figures 6 and 7 are not due to the
ionic dissolution effect.

For Fe and Ni, the dissolution amount depends on
the particle size. The smaller 3 mm particles dissolve
more than 10 mm particles. Fe is very soluble if we take
the 10 times larger value of the vertical axis into
account. The dissolution of Ni is smaller than Fe, but Ni
shows a much more toxic effect as shown in figures 2–5.

Figure 9 shows the comparison of TNF-a release for
Ti, Fe and Ni particles. TNF-a is another one of the
most representative cytokines of inflammation as well
as IL-1b. Ti and Fe showed the similar increasing
tendency with the decrease in particle size. The increase
was drastically pronounced for 3 mm particles. ICP
results (figure 8) showed that the chemical properties of
Ti and Fe particles are completely different. Ti is non-
soluble and Fe is very soluble. Nevertheless, the effect of
Fe is nearly equivalent to that of Ti even in a
quantitative sense, although the chemical properties
of each are very different.

Ni also showed the size dependence. However, the
quantitative values are different from Ti and Fe. Ni
showed the size dependence with the relatively lower
values. The release of superoxide and IL-1b showed a
tendency similar to that for Ti and Fe. Cell survival
rate was much smaller than control (HBSS) and LDH
was higher.

Figure 10 shows the histological image of rat tissue
reaction to 3 mm (figure 10a) and 10 mm (figure 10b) Ti
particles after 5 days of implantation in the soft tissue of
rat. For the 3 mm Ti particles, phagocytosis by
macrophages and inflammatory cells occurred, and
Ti particles were observed in the cytoplasm of
cells, whereas the 10 mm Ti particles were outside cells,
phagocytosis was rarely observed and tissue was much
less inflammatory. The size dependence in vivo observed
in figure 10 resembles the results in vitro in figures 3b
and 9, which suggests that TNF-a expression is closely
related to the occurrence of phagocytosis.

The histological observation of rat tissue reaction to
the implantation of different size of Ti particles 3, 10, 50
and 150 mm was carried out for up to 30 weeks. For the
150 mm Ti, each particle was surrounded by fibrous
connective tissue layer, which is similar to the case of
macroscopic Ti implant shown in figure 2b. Tissue
reaction to the 10 mm Ti was inflammatory with
inflammatory cell infiltration as well as fibrous
J. R. Soc. Interface (2009)
connective tissue formation. For the 3 mm Ti, the
originally dispersed particles in tissue in short-term
implantation became gradually agglomerated over time
in the long term by the biological process of repeated
cycles of phagocytosis and cell death. Weak inflam-
mation continues chronically after 30 weeks.
3.3. Invasion and internal diffusion of
nanoparticles

Figure 11 shows the dependence of TNF-a release from
neutrophils on particle size down to the nm scale.
Stimulus, represented as amount of TNF-a release, is



Figure 12. XSAM Ti mapping of internal distribution of the
30 nm TiO2 particles after the compulsory exposure testing of
the respiratory system (Watari et al. 2007d ).
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Figure 13. Elemental analysis of spleen of mouse by XSAM
after oral administration of 30 nm TiO2 particles for 10 days
(Watari et al. 2008a).
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Figure 11. Dependence of TNF-a release from neutrophils on
particle size down to the nm scale (Watari et al. 2007a).
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pronounced below 3 mm. It exhibited the maximum
from approximately mm down to 500 nm. For smaller
sizes, it decreased below 200 nm and became closer to
the level of 50 mm and larger.

Figure 12 is the Ti mapping of the internal whole
body of rats by XSAM after a compulsory exposure test.
It shows the distribution of the 30 nm TiO2 particles.
The condensation occurred from the respiratory system
to urinary bladder by diffusion in the whole body
through the cardiovascular system after the direct
uptake from pulmonary alveoli into blood vessels.

Figure 13 is the XSAM elemental analysis from
the spleen for the case after 10 days of oral adminis-
tration of 30 nm TiO2 particles. Although peak height
is small in this case, a Ti-Ka peak undoubtedly exists
other than Fe-Ka peaks at approximately 6.5 keV
and peaks of incident X-ray from Rh target below
4 keV. This confirms the phenomenon that nano-
particles were taken into the internal body through
the digestion system.

Figure 14 shows the X-ray transmission image
and the corresponding Ti elemental mapping by
XSAM for 5 min, 3 hours and 1 day after injection of
the 30 nm TiO2 particles directly into the cardio-
vascular system of the mouse through the caudal vein.
TiO2 nanoparticles diffuse to the lung through the heart
J. R. Soc. Interface (2009)
from the caudal vein just after injection, then to the
liver and further to the spleen with time.
3.4. Conversion of functions by nanosizing
and HAP

Figure 15 shows an example of failure in a dental
implant of HAP-coated titanium before (figure 15a)
and after (figure 15b) implantation. Failures of
dental implant occur for various reasons. One of the
causes is the dust of apatite produced by dropout,
exfoliation, delamination or abrasion. This induces
inflammation and the resorption of newly formed
bone and coated apatite.

The biomimetically synthesized nanocomposites of
apatite and collagen fibrils are bioresorbable in the
subcutaneous tissue. Then these nanoapatite composites
were implanted in bone defects or bone marrow.
Figure 16 shows the histopathological image when
nanoapatite composites were implanted in the bone
marrow of rat for eight weeks. Phagocytosis of compo-
sites by osteoclasts and osteogenesis by osteoblasts
occurred simultaneously and adjacently to each other.
The area of nanocomposites (asterisks) was decreased
and covered with new bone (white asterisks) of lamellar
structures. Resorption of the composites and replace-
ment by new bone proceeded with time by 12weeks. As a
result, nanoapatite composites work as bone substitute
materials for hard-tissue reconstruction.
3.5. Conversion of functions by nanosizing
CNTs

Figure 17 shows the SEM image of osteoblast-like Saos2
cells cultured on graphite (figure 17a) and MWCNT
(figure 17b) scaffolds for 7 days. Although graphite and
CNTs are isomorphs of carbon and composed of
graphene sheets that are similarly in crystal structure,
they make a contrasting difference in the cell attach-
ment and proliferation. Very few cells were attached to
graphite (figure 17a), while many cells were attached
to CNTs (figure 17b).

Cell growth cultured on CNTs showed the charac-
teristic behaviour. Saos2 is usually grown in a spindle
shape.OnCNTscaffold, cells are grown fully to thewhole
direction with numerous fine filopodia at the cell edge.
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Figure 14. Time course of internal diffusion of the 30 nm TiO2 particles after injection to the caudal vein, visualized by XSAM.
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Figure 15. Example of failure in dental implant of apatite-
coated titanium: (a) before and (b) after implantation.
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Figure 16. Histological image at eight weeks after implan-
tation in the bone marrow of rat. Nanocomposites were
resorbed (black asterisks) and partly replaced by new bone
(white asterisks) with lamellar structures. AZ stain.
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Figure 18 shows the SEM observation of the
filopodia grown from the periphery of osteoblast-like
cells on MWCNT scaffolds (figure 18a) and the
enlarged image of the end of filopodium (figure 18b).
Compared with usual cell culture, numerous filopodia
are extended farther in the cell periphery (figure 18a)
and combined with CNT meshwork. When trypsin,
usually used to detach cells for cell number counting,
was applied, cells would normally detach and float up,
but could not separate from scaffold owing to the
J. R. Soc. Interface (2009)
binding of filopodia with CNTs. These results show the
high cell adhesiveness of CNTs.

Figure 19 shows the number of Saos2 cells cultured
on the scaffolds of PC, graphite, MWCNT and SWCNT
for 7 days. The cell numbers increased with culture
time. However, cell number was nearly null on graphite,
and the largest on SWCNTs of the four scaffolds,
followed by MWCNTs.

Figure 20 shows the adsorbed amount of proteins on
the scaffolds of PC, graphite, MWCNT and SWCNT
when immersed in the cell culture medium for 24 hours.
The amount of adsorbed protein is very low for graphite
and the highest for SWCNT, followed by MWCNT.
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Figure 17. SEM image of osteoblast-like Saos2 cells cultured on (a) graphite and (b) MWCNT scaffolds for 7 days.
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Figure 18. (a) SEM observation of filopodia grown from the periphery of osteoblast-like cells on MWCNT scaffolds and (b) the
enlarged image of the end of filopodium.
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Figure 19. Number of Saos2 cells cultured on the scaffolds of
PC, graphite (GP), MWCNT (MW) and SWCNT (SW) for
7 days.
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Figure 20. Adsorbed amount of proteins on the scaffolds
of PC, graphite (GP), MWCNT (MW) and SWCNT (SW)
in cell culture medium after 24 hours immersion (Aoki
et al. 2007a).
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Figure 21 is the expression of normalized ALP
activity from osteoblast-like cells (Saos2) cultured on
scaffolds of PC, graphite, MWCNT and SWCNT for
7 days. The degree of expression was very low for
graphite, while it was increased remarkably in CNTs,
the greatest increase in SWCNTs, then MWCNTs.
J. R. Soc. Interface (2009)
4. DISCUSSION

4.1. Soluble and non-soluble materials: effect on
biocompatibility in macroscopic size

One of the most influential factors on biocompatibility
of materials (Matsuno et al. 2001) is their dissolution
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Figure 21. Expression of normalized ALP activity from Saos2
cells cultured on the scaffolds of PC, graphite (GP), MWCNT
(MW) and SWCNT (SW) for 7 days.
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properties. The interaction of materials with cells and
tissue starts inmost cases from ionic dissolution, whether
it is nutrition intake or toxicity expression by poison.
The toxicity effect may be evaluated as the degree of
toxicity of materials!solubility. Corrosion resistance
is, therefore, a prerequisite for biomaterials. This is the
case for most of materials in a macroscopic size.

To compare the dependence of reaction of cells and
tissue on the properties of materials with and without
dissolution, Ni and Ti were selected as the representa-
tive metals for dissolvable, toxic metals and for
non-dissolvable, biocompatible metals, respectively.
Figures 2–5 showed the change of bioreaction to
materials for the size from macroscopic to micro/
nanometre. For macroscopic size, Ni (figure 2a) showed
necrosis in the surrounding tissue of implant, while Ti
(figure 2b) is encapsulated with fibrous connective
tissue, which is the typical reaction of tissue to
biocompatible materials (Uo et al. 2001a,b).
4.2. Nanosizing effect: specific surface area
effect, the contribution of composition

The specific surface area increases in a reciprocally
proportional manner to particle size. Therefore, the
importance of dissolution properties becomes greater
for micro- and nanosizes (downward direction in
figure 1a) where the increase in specific surface area
by nanosizing increases further chemical reaction,
functions and toxicity. As shown in the in vitro cell
reaction of figure 3, Ni caused the destruction of cells
(neutrophils) (figure 3a) and Ti induced phagocytosis
(figure 3b), when the size of materials became micro/
nanometre (submicron).

As to the material dependence of cell toxicity that is,
in other words, the effect of composition, the reaction
similar to figure 3 in vitro also occurs in vivo as seen in
figure 4 where necrosis occurred in cells and tissue for Ni
nanometric particles. The results of figure 4 are those
for the short term. The long-term implantation in tissue
shown in figure 5 revealed that Ni particles generated a
tumour after 1 year. This is the typical example of
the specific surface area effect that leads to the
J. R. Soc. Interface (2009)
enhancement of chemical dissolution and therefore
toxicity. It has a serious influence, causing toxicity in
many cases and is most commonly taken into account
for nanosizing effect.
4.3. Nanosizing effect: physical size effect

For biocompatible materials such as Ti and TiO2,
particles below 10 mm cause phagocytosis to cells as
shown in vitro to neutrophils (figure 3) and in vivo to
macrophages mostly (figure 4), and weak inflammation
to tissue in the short term (figure 4). For the particles
larger than approximately 10 mm, phagocytosis was not
observed. A similar phenomenon of size dependency
was also observed in vivo as shown in figure 10 where
the 3 mm Ti particles were phagocytized by macro-
phages or giant cells, while the 10 mm Ti particles
remained outside the cells, phagocytosis was rarely
observed and tissue was much less inflammed. In the
long term (figure 5), the originally dispersed 3 mm
particles were agglomerated after multiple repetitions
of phagocytosis and cell death for 30 weeks. Tissue
remained in a light chronic inflammation state.

This effect involved the biological reaction process
between particles and cells/tissues (figure 1b), which is
different from the case of Ni. These phenomena cannot
be explained by the specific surface area effect
(figure 1a), but understood as the different effect from
the material properties of either toxicity or biocompat-
ibility. It is the physical size and shape effect. To see the
further details of this effect, in vitro biochemical cell
functional testing was performed.
4.4. Particle size dependence in cell functions

Superoxide anions are released from intracellular
organs and cell membranes when cells are stimulated.
TNF-a and IL-1b are the representative cytokines
of inflammation.

The production of superoxide anion (figure 6),
cytokines IL-1b (figure 7) and TNF-a (figures 9
and 11) showed an increasing tendency with an
decrease in particle size, and the amount was
pronounced remarkably with 500 nm and 3 mm
particles. SEM and OM observations (figures 3 and
10) showed that only the 500 nm and 3 mmparticles in Ti
group were phagocytized by neutrophils. Phagocytosis
is difficult for the particle sizes 10, 50 and 150 mm to
neutrophils of approximately 5–10 mm in diameter.

Similarly, the cell survival rate decreased and, with a
strong corresponding relationship, the value of LDH,
which is the indication of cell disruption, increased, as
the particle size of Ti decreased from 150 mm down to
500 nm (Kumazawa et al. 2002; Tamura, K. et al. 2002).

All the results showed agreement in their size
dependence and the size effect becomes more remark-
able with a decrease in size and especially pronounced
for sizes below cell size, which is closely related to the
phagocytosis shown in figures 3 and 10.

ICP elemental analysis showed that the dissolution
from Ti particles was below the detection limit and
negligible (figure 8). Therefore, the biofunctional
change detected in the present study did not result
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from a chemical effect of Ti ions, but occurred by
physical size effect of Ti particles.

Another evidence for physical effect is the particle
size dependence of TNF-a for different materials, Ti
and Fe, which are biocompatible or cause very little
cell toxicity in the macroscopic size. Although the
chemical properties are quite different, Ti is insoluble
and Fe is soluble as shown in the ICP elemental
analysis (figure 8), figure 9 showed nearly the same size
dependency of TNF-a emission even in a quantitative
sense. This indifference in cytotoxicity between Ti and
Fe again strongly suggests that cytotoxicity of these
Ti and Fe particles is not due to the chemical effect by
dissolved ions but the physical size effect. Further
study using other materials such as ceramics (TiO2)
and polymer (polylactic acid; PLA) showed similar
particle size dependence, which suggests that these
phenomena observed in biocompatible or bioinert
materials are the non-specific, physical particle and
shape effects, which occur independently of materials.
4.5. Critical size from bulk to particles for
biological organisms

Our past in vivo implantation tests in the soft tissue of
rats using various sizes of Ti particles showed that the
particles larger than 150 mm were each surrounded by
fibrous connective tissue and there was no inflam-
mation (Kumazawa et al. 2002). This is the usual
reaction for the biocompatible materials of a macro-
scopic size such as the bulk Ti implant. For less than
100 mm, the cell becomes stimulated gradually by
the decrease in particle size, partly because of the
mechanical and morphological factors such as irritation
by needlepoint shape crystals or acute surface rough-
ness structure onto the cell wall. It is partly the effect of
IL-1b sensitivity to particle shape as discussed below in
§4.6. Another reason may be that the size becomes
too small to encapsulate each particle with fibrous
connective tissue, and particles tend to be exposed
directly to cells/tissue. Thus, for biological bodies, the
object approximately larger than 100 mm behaves as
macroscopic or non-bioreactive and that less than
approximately 100 mm behaves as particles.
4.6. Particle shape effect

TNF-a and IL-1b are both representative cytokines of
inflammation. Our past study compared the effect
of different particle morphology on the expression of
TNF-a and IL-1b, using the set of massive and acicular
TiO2 particles with the equivalent diametral size and
longitudinal length of 3–10 mm, respectively. TNF-a
showed the increase in emission below 10 mm in a
similar manner for both massive and acicular crystals.
For IL-1b, massive crystals showed similar dependence
to the case of TNF-a, while acicular crystals showed
nearly the same level for the sizes below and over
10 mm. This suggests that TNF-a and IL-1b represent
the different nature of stimulus in inflammation
(Watari et al. 1997). TNF-a is closely related to
phagocytosis, while IL-1b reflects not only the stimulus
by phagocytosis but also by particle shape such as
J. R. Soc. Interface (2009)
acicular form. Even for particles larger than 10 mm,
IL-1b is released when cells are stimulated physico-
mechanically by steeple apexes of needle crystals.
This arouses the inflammation reaction cascade and
contributes partly to the toxicity of asbestos and other
needle shaped particles with a high aspect ratio.
4.7. Characteristics and toxicity of non-specific,
physical particle size effect

Physical particle size and shape effect occurs non-
specifically in any material and it is irrelevant to the
specific surface area effect. The effect appears more
clearly and purely in bioactive and bioinert materials,
which are minimally affected by chemical dissolution
effects. However, the absolute level of stimulation
such as IL-1b (figure 7) and TNF-a (figures 9 and 11)
by these particles is very low, as small as 1/1000 to 1/
10000, compared with endotoxin or lipopeptide
(Kiura et al. 2005; Watari et al. 2007a). Therefore,
this would not cause serious problems in the short
term and in small quantities. However, since it still
induces phagocytosis in cells and inflammation in
tissue in vivo, it leads to chronic inflammation in the
case of a large amount and a long-term exposure.
The most typical serious cases are osteolysis by
abraded particles (Tamura, Y. et al. 2002a,b; Uo et al.
2005b, 2007; Zhu & Watari 2007) in artificial joint
and mesothelioma in asbestos (Watari et al. 2006).
The lifetime of an artificial joint is sometimes limited
to less than 10 years by osteolysis following the
inflammation induced by abraded particles. In asbes-
tos, the phagocytosis of acicular particles by alveolar
macrophages is insufficiently completed due to their
large longitudinal length and non-biodegradability.
This results in cell death, cytokine emission and
another differentiation of phagocytes. The long-term
repetition of this phagocytosis cycle leads to chronic
inflammation with superoxide production to attack
foreign objects. Superoxides also hurt the DNA of the
biological organism itself and cause carcinogenesis
when the accumulation of defects in DNA surpasses
the certain threshold.
4.8. Competitive effects of composition and
particle size

Macroscopic Ni inserted in soft tissue induced necrosis
in the nearby periphery (figure 2a) and heavy inflam-
mation in the distant region. XSAM analysis revealed
that these toxicity levels are due to the concentration of
dissolved Ni ions (Uo et al. 1999, 2001a,b, 2006). The
strong toxicity of Ni is originated mainly from its
dissolved ions. Ni also showed the particle size
dependence in cell functional testing, but the values of
TNF-a expression (figure 9) were lower than those of Ti
and Fe, although Ni has a stronger toxicity. The
significantly lower cell survival rate and higher LDH
values revealed in the past study indicated that cell
destruction occurred with higher probability by
exposure to Ni particles as seen in figure 3a. The effect
of cell death might surpass the stimulatory effect of Ni
and suppress the emission of TNF-a.
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In reality, most of the materials have some
solubility. In those cases, both compositional effect,
i.e. toxicity by surface area effect, and physical size
effect appear by nanosizing. However, the chemical
toxicity by specific surface area effect is far stronger
and much more serious and acute, as shown in the case
of Ni. Compared to this, the toxicity by physical
particle size effect is regarded as nearly negligible
(Kiura et al. 2005; Watari et al. 2007a). Therefore, for
the soluble materials, both compositional and size
effects appear, but size effect is negligible and compo-
sitional effect is dominant. For non-soluble or biocom-
patible materials, chemical ionic dissolution effect is
negligible; therefore, pure physical particle size effect
appears and becomes prominent.
4.9. Origin of particle size effect: relative size
relationship with cells/tissue

The cell and tissue reaction changes from bulk to fine
particles for the same material. Figure 22 shows the size
relation between particle size and cells/tissues. The
cell-stimulative and tissue-inflammatory nature of
particles in the micro/nanorange originates from the
relative size relationship with the cell/tissue (Watari
et al. 2007a). The reaction inherent to the physical
particle effect starts at approximately 100 mm and
increases as size decreases. The micro/nanosizing of
materials to below cell size makes them ‘biointeractive’
with cells and tissues (figure 1b) and leads to the
conversion of functions through biological process as
discussed below in §4.11. For less than 200 nm,
stimulus diminishes towards the level of macro.

This is clearly distinguished from chemical reactivity
enhancement effect by increase in a specific surface area
(downwards in figure 1a). This originated solely from
material properties to enhance greatly the same
functions as those in the macroscopic size. Catalyst is
a typical example of this effect and no biological
interaction is involved.
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4.10. Bioactive, biointeractive and bioreactive

Thus, the particles below cell size, approximately
10 mm become, we may say, biointeractive, since that
size arouses phagocytosis in cells and inflammation to
tissues irrespective of material type, and such a size
can be ‘biointeractable’. Usually, the term ‘bioactive’
is used for the nature to induce the intrinsic function
of biological organism, in a positive sense to become
merit for human beings. The typical example is HAP,
which induces osteoconductivity and biocompatibil-
ity. However, merit or demerit is just the difference in
evaluation system, whether they match the purpose of
human beings or unintentionally appear to be against
it. Irrespective of that, expression mechanisms stand
on the same basis. If we generalize the meaning to the
properties to induce the intrinsic function of biologi-
cal organisms, whether it works as merit or demerit,
micro/nano particles can be called bioactive in a more
generalized sense. Since it is necessary to distinguish
this from the usual use in a positive sense, we may use
the word ‘bioreactive’ instead of bioactive for a more
general meaning to induce the intrinsic function.
Then we can say that micro/nanoparticles are
bioreactive, where the size itself induces the reaction
of biological body and may work both positively
and negatively.
4.11. Conversion of functions by nanosizing
through biological process

We have noted the phenomena of function conversion
occurring by nanosizing for certain materials. The
examples include the cases of Ti from its biocompa-
tible nature in macroscale to inflammation, leading to
osteolysis, in abraded micro/nanoparticles produced
from an artificial joint and asbestos from a non-toxic
composite of clay minerals (silicate) to carcinogenicity
of mesothelioma in the needle-shaped nanoparticles.
The mechanism involved in these conversions
of function is based on the biological process of
particle–cell/tissue interaction (figure 1b), originated
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from a physical size relationship (figure 22). Whatever
materials they may be, nanosizing induces a non-
specific reaction and the intrinsic functions of biological
organisms. This may lead to the conversion of functions
under certain conditions as seen in Ti and asbestos.
The bioreaction of cell toxicity and tissue inflammation
develops through the conversion of functions to impact
on cell proliferation and tissue regeneration. We show
further examples in the following.
4.12. Change from non-resorbable to resorbable
apatite by nanosizing

Apatite has excellent biocompatibility and induces
new bone formation to its surface after implantation in
bone circumstances. However, when it becomes micro/
nanoparticles, apatite also induces phagocytosis to cells
and inflammation to tissue. One of the causes of failures
of dental implants is the dust or fine particles of apatite
produced by dropout, exfoliation, delamination or
abrasion. These induce inflammation in the periphery
part of implant, which leads to the resorption of newly
formed bone and coated apatite. This sometimes causes
failures of dental implant as seen in figure 15. This is a
similar type of conversion of functions as the case of
abraded Ti particles.

Synthetic HAP exhibits excellent osteoconductivity
in a macroscopic size, but it is not substituted for
bone and remains permanently in the body. Therefore,
it is suitable for use as an implant (Watari et al.
1997, 2004). Meanwhile, it is well known that natural
bone is composed of collagen and nanoapatite crystal-
lites of approximately 50 nm (Watari 2001, 2005).
When the nanocomposites of apatite and collagen
fibrils were biomimetically synthesized (Liao et al.
2005, 2007a–c; Gelinsky et al. 2007; Li et al. 2008a,d )
and implanted in subcutaneous tissue, they were
covered with fibrous connective tissue and then
mostly resorbed in eight weeks by phagocytosis
(Yokoyama et al. 2005b). Therefore, nanoapatite
composites are bioresorbable.

When they were implanted in hard tissue situations
such as bone defects or bone marrow, inflammation
was induced, and osteoclasts and osteoblasts were
then differentiated. Phagocytosis of nanoapatite com-
posites by osteoclasts and osteogenesis by osteoblasts
occurred simultaneously and adjacently to each other,
as shown in figure 16. This tendency progressed with
time and nanoapatite composites were finally replaced
with new bone. The phenomena of resorption and bone
formation were similar to the case of autologous
bone graft. This process is also similar to the remodel-
ling process of natural bone occurring constantly in
our body (Yokoyama et al. 2005b). As a result,
nanoapatite composites work as bone-substitute
materials for hard-tissue reconstruction. Thus, nano-
sizing leads to another type of conversion of function
from an osteoconductive, but non-bone substitutional
nature in macro to bone substitutional properties
in nano through a biologically induced process (Watari
et al. 2008c).
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4.13. Change from non-cell-adhesive graphite to
cell adhesive CNT

Graphite and CNTs are isomorphs of carbon and
composed of a similar graphene sheet in crystal
structure. As an element, carbon (C) would be bioinert.
However, graphite and CNTs show a contrasting
difference in cell attachment (figures 17 and 18) and
proliferation (figure 19), being very low for graphite and
excellent for CNTs. CNTs adhere to collagen fibrils, a
kind of protein, exposed on dentin surface by acid
etching (Akasaka et al. in press b). This affinity of
CNTs to proteins and also saccharides (Akasaka &
Watari 2008) leads to the high adsorption of proteins
(figure 20), including growth factors contained in
the FBS added in the cell culture medium. This
improves compatibility on the surface of CNTs, which
is the basis for excellent cell adhesion (Akasaka et al.
in press a), growth and functional expression of
ALP activity (figure 20), a marker of osteogenesis
capability (Aoki et al. 2007a; Li et al. 2008b,c). It is to
be added that the precipitation of nanoapatite or
calcium phosphate with a low crystallinity occurring
in the simulated body fluid (SBF) also contributes to
the improvement of biocompatibility (Akasaka &
Watari 2005; Akasaka et al. 2005).

There are several factors that contribute to the
affinity of CNTs to proteins. They include the similarity
in composition, similarity in crystal structure, nano-
network architecture in morphology, surface area,
surface electronic charge and hydrophobic/hydrophilic
properties. The hydrophobic interaction between
carbon and proteins is generally counted for protein
adsorption, but this could not explain the contrasting
difference between graphite and CNTs, isomorphs of
carbon, shown in figure 20.

The specific sites of adsorption of biological proteins
in serum or tissue fluid are another matter of interest
(Lundqvist et al. 2008). They are produced especially if
CNTs are treated with acid or modified with some
receptors. They provide more chemical and direct
atomic binding between CNTs and proteins, which is
important to create specific binding to particular
targets. The existence of such sites is suggested from
an experimental observation that the nucleation of
acicular nanoapatite crystallites in SBF with added
fluorine ions occurs radially from certain sites on CNTs
(Akasaka et al. 2005). Although the contribution of
specific sites is important, CNTs adsorb proteins even
without such sites. The adsorption shown in this paper
(figure 20) is mostly due to the more general, non-
specific, physical adsorption. The nanometric curva-
ture of graphene sheets composed of sixfold carbon
rings in the tube atomic structure of CNTs generates a
strong tendency to agglomerate by themselves and also
an affinity to similar structures, one of which is protein.

Another factor that provides cell-adhesive proper-
ties is related to their structure. Although CNTs
generally have a tendency to agglomerate and form
bundles, the wavy and fibrous agglomeration still
makes a nano-meshwork conformation with a large
porosity where cells can take nutrient elements or
growth factors easily.
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In addition to this, the nanosize diameter of
CNT fibres, a few to several tens of nm, is close to that
of filopodia of cells, approximately 100 nm as seen in
figure 18b, which provides easy conditions for the
filopodia to interact with a CNT network. Trypsin is
generally used for the detachment of cells from a scaffold.
On a CNT scaffold, however, cells cannot separate well
because of the strong binding of filopodia, which is
sometimes mechanical binding, with a CNT network.
It demonstrates the good cell adhesivity of CNTs (Aoki
et al. 2005). Bacteria of submicron to micrometre size
are also trapped by the fine, wavy nanodiameter of a
SWCNT string in the manner of winding around them
(Akasaka & Watari 2009). These are another example
that micro/nano-sized materials become biointeractable
with biological objects of comparable size, in these
cases with filopodia and bacteria. The Nano-meshwork
structure of CNT agglomeration contributes physically
to favoured conditions for cell attachment.
4.14. Invasion and internal diffusion of
nanoparticles

Stimulus, represented by an amount of TNF-a release
in figure 11, which is pronounced below 10 mm,
exhibited the maximum from around mm down to
500 nm. For smaller sizes below 200 nm, more typically
less than 50 nm, stimulus decreased to nearly the level
of macroscopic size (Watari et al. 2007a). This looks
preferable from the point of view of biological appli-
cation of nanoparticles, since toxicity is apparently
decreased. However, this, in turn, means that the
biophylactic system does not work well any more
against nanoparticles. The invasion of nanoparticles
into the body can occur for this range of particle size.
Nanoparticles might be the objects whose existence
has not been assumed in the body defence system of a
living organism.

It is known that particles below 10 mm can pass
through the bronchial. For further smaller ones, they
may reach lung pulmonary alveoli where they are taken
up directly into blood vessels. Thus, they can invade
into the internal body through the respiratory system
(figure 12) and also through the digestive system at the
intestinal wall (figure 13). Then they diffuse through
the cardiovascular system for the whole body from
organ to organ (figure 14). The behaviour of internal
diffusion is different, depending on materials, for
example, TiO2 and Pt (Watari et al. 2007c,d, 2008a,
2009; Abe et al. 2009, in press a,b,c).
4.15. Non-specificity of particle-inducing
bioreaction

There are many pathways for living organisms to
recognize foreign objects. Macrophages discriminate
biohazardous objects such as bacteria and make an
initial response specific to each object. The absolute
intensity of TNF-a expression against endotoxin or
lipopeptide is far higher than physical size effect.
Toxicity by bacteria or rejection response caused by
certain proteins is much stronger. One of the recog-
nition paths is through the toll-like receptor (TLR). In
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some cases, they discriminate by different sugar chain
patterns. In this way, both innate and acquired immune
systems work against micro-organisms and proteins,
mostly in specific manner.

On the other hand, in the case of materials,
the present in vitro and in vivo experiments
showed that (i) a similar particle size dependence of
expression of superoxide and cytokines irrespective
of the different nature of materials with bioinert or
bioactive properties (figure 9).

These indicate that (ii) the reaction is non-specific
and any particles below cell size are regarded as
foreign objects by cells including neutrophils and
macrophages, which induces phagocytosis whatever
the material as observed in vitro (figure 3) and in vivo
(figures 4 and 10).

(iii) Toxicity level shown as an absolute intensity of
superoxide production, cytokines IL-1b and TNF-a
expression by micro/nanoparticles is very low
compared with endotoxin (Kiura et al. 2005; Watari
et al. 2007a).

(iv) TLR is not sensitive and rather inert to particles
of materials according to our different studies.

There is always a serious rejection reaction for organ
transplantation from one person to another, where the
difference in individuals is discriminated in a specific
identification manner. (v) For the case of materials
such as in an implant, there is no strong rejection and
it is commonly and generally, therefore, acceptable to
any person.

All these demonstrate that the acquired immune
systems do not work and only some of the innate
immune systems are activated against materials. Non-
actuation of immune systems, except a few innate
immunity processes and lack of other recognition paths
to materials, limits the recognition routes and reactions
to fewer possibilities. One of the most frequently
encountered actuations is a phagocytosis reaction
with the dependency only on particle size, and another
is stimulus, sometimes mechanical, by particle shape
when a pointing needle form. This lack of recognition
paths shows the characteristics of an non-specific
nature to particle bioreaction, occurring irrespective
of materials. The lack of recognition paths is also one
of the central reasons that the body defence system
cannot respond well to nanoparticles, and (vi) they can
invade directly into the internal body through the
respiratory and digestive system, rather easily and
non-specifically.

These numbered facts (i)–(vi) in the above symbo-
lize the non-specificity in the characteristics of
nanoparticles in relation to biological organisms.
4.16. Biointeractable critical size: relationships
with cells and viruses

The critical sizes where the transition of material
behaviour against biological organisms occurs are at
approximately 100 mm, 10 mm and 200 nm. Materials
start to behave with the characteristics of particles from
approximately 100 mm and below. In the case of a needle
shape, this critical value would be larger to some extent.
The critical sizes, 10 mm to become biointeractable
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through the induction of phagocytosis in cells and
inflammation to tissues and 200 nm, most typically less
than 50 nm, to be less stimulative and become able to
invade into the body, are approximately coincident with
the average size of cells and viruses, respectively.

Is there any reason for these critical sizes to be the
level of cell and virus? This coincidence may not be
by accident.

When the particle size becomes nearly the same as
cell size, approximately 10 mm or smaller, the object
becomes biointeractive. Macrophages discriminate
objects and initiate specific reactions, which are followed
by the activation of T lymphocytes and others against
bacteria and virus. In the case of materials, most such
immune systems and recognition paths do not work and
only the process that senses the particle size remains,
regarding non-specifically the objects smaller than cells
as foreign objects. This induces phagocytosis, followed
by the formation of lysosome in cells and treatment in it.

The lack of recognition paths in the immune system
makes objects of a size similar to viruses less
stimulative. The insufficient immunity makes them
able to invade the internal body and cells through the
pulmonary alveolus, intestine or other paths as viruses
can enter. This is in contrast to the case of a virus where
the specific immune system is actuated and invasion
may be blocked. Thus, the object size permissible to
invade becomes the level of virus.
4.17. Antagonism of nanotechnology and
nanotoxicology

The recognition of physical particle size and shape
effect is the essential basis for the proper understanding
of the nanosizing effect and for the development of
biomedical applications of nanotechnology. High
function and risk assessment often produces antagon-
ism of nanotechnology and nanotoxicology between
nanotech-developing researchers and toxicologists.
From the viewpoint of bioreactivity of the nanosizing
effect as revealed in the present study, they are different
sides of an evaluation system for human beings, merit if
they match the purpose of human beings or demerit
if they unintentionally appear against. However, both
originate from the same mechanism. It is necessary
to recognize the bilateral nature of nanomaterials,
high function and risk, for the proper acknowledgement
of the influence on biological organisms and environ-
ments and for the development and application
of nanotechnology.
5. CONCLUSIONS

The increase in specific surface area usually counted as
the nanosizing effect causes the enhancement of
chemical reactivity and serious toxicity for soluble
and stimulative materials. This is the contribution
of compositional effects, and is easily recognized. This
effect originates solely from material properties and
greatly enhances the same functions as those
of a macroscopic size. Catalysts are a typical example
of this effect and no biological interaction is involved.
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Non-soluble, biocompatible materials show different
particle size dependence. The transition of bioreaction
occurs at the critical sizes of approximately 100 mm,
10 mm and 200 nm. This physical size effect is non-
specific, which is independent of material type, and
especially pronounced for a cell size of less than
approximately 10 mm. It causes stimulus through the
biological process of phagocytosis in cell and inflam-
mation in tissue.When the particle size is 200 nmor less,
they become less stimulative and the recognition by
bodydefence systemsbecomesweaker.Theymay invade
directly into the internal body through the respiratory or
digestive system and diffuse inside the whole body.

Thus, the physical micro/nanosizing of materials
makes them biointeractive with cells and tissue. These
biointeractable particles induce the intrinsic functions
and reactions of biological organisms. They become
bioreactive and may work both in merit and demerit
ways. The bioreactive nature causes inflammation, and
this leads to the occurrence of conversion of functions of
materials through biological processes such as from
biocompatibility to stimulus in Ti-abraded particles
and asbestos, from non-bone substitutional to bone
substitutional in nanoapatite and from non-cell
adhesive to cell adhesive CNTs.

This effect has its origin in the biological interaction
process between particles and cells/tissue. Non-
actuation of immune system, except for a few innate
immunity processes and limitation of recognition paths
for materials, gives the non-specific nature to particle
bioreaction and restricts the recognition routes to the
size-sensitive phagocytosis reaction. This insensitive
nature also permits nanoparticles below 200 nm to slip
through the body’s defence system and invade directly
into the internal body.

The characteristic phenomena of no rejection
reactions to artificial organs in macro, non-specific
phagocytosis to cells and inflammation to tissue in
micro and direct invasion into the internal body
in nano originate on the same basis that the actuation
of immune system is limited to the few possibilities of
innate immunity for materials.

The acknowledgement of the physical particle
size effect and the bilateral nature of nanomaterials
with possibilities of high functions and risks is the
essential basis for the proper understanding of
the nanosizing effect and for the development
of biomedical applications of nanotechnology.

Animal experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals, Hokkaido
University Graduate School of Dental Medicine.

The present study was performed under the support of
Health and Labour Sciences Research Grants in Research on
Chemical Substance Assessment from the Ministry of Health,
Labour and Welfare of Japan (H18-Chemistry-General-006).
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